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SUMMARY

Transpiration cooling, cobtained by injecting & coolant through a
porous surface, is receiving increased conslderation as an effective
means of meintaining walls exposed to a hot gas stream at temperatures
that can be tolerated by the materisl. Applications for which this
cooling method is considered are the cooling of different structural
elements such as turbine blades or the walls of combustion chanbers in
Jjet engines and parts of the skin of missiles. In some of these appli-
cations the surface roughness inherently comnected with a porous materi-
al may exceed the limit for which such a surface is considered as hy-
draulicelly smooth,

In order to obtaln information on friction and flow characteristics
of rough swrfaces under the condition of fiuid.injection, an investi-
gation with turbulent ailr flow was made in a rectanguler channel. Pro-
visions were made so that porous samples with varying degrees of rough-
ness could be installed in the lower wall.

Veloeity profiles and friction factors for these surfaces are
presented for ratios of asir-injection velocity to mainstream velocity
ranging from O to approximately 0.0170. For zero inJection velocity
the Priction data compared favorably with availsble deta on impermesble
rough surfaces. It was found that the shape of the velocity proflle is
decidedly influenced by the fluid injection. The results alsc indicate
in & quelitative manner the expected decrease in friction with increase
in f1uid Injection.

INTRODUCTION

Transpiration cooling is receiving increased consideration as &
means of reducing the temperature of walls exposed to hot gas streams
to values the wall material can safely withetand. For such a cooling
arrangement, the wall to be cooled is made of a porous material and a
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coolant is blown through the pores and injected into the gas stream. In
this way the air or coolant bullds a cool film along the surface that
protects the wall from the influence of the hot gases. The coolant also
cools the wall by convection as it passes through the meterisl. Appli-
cations for which this cooling method is considered are, for instance,
the cooling of different structural elements like combustion chambers

or turbine blades in Jet engines, or the cooling of parts of the skin
of missiles that are subJjected to intensive aserodynamic heating.

A porous surface has by its nature a certain roughness that may
influence to some degree the friction and heat transfer between the hot
gas stream and the wall, Very limited information 1s available on the
influence of surface roughness on heat transfer, even for solid sur-
faces. The result of a recent Investigation 1s contained in reference
1l end summarized in reference Z. Some experimental studles of hesat
trensfer for injections through a porous wall have been made (refs. 3
to 5) but without a systematic study of the influence of surface rough-
ness. On the other hand, friction on rough solid surfaces has been In-
vestigated considerably in the past; and the information accumulated in
a number of extensive investigations is summarized in several books
(ref. 6, e.g.).

For this reason it was considered advantageous to obtaln knowledge
on friction of rough porous surfaces with fluld injection before the
corresponding heat-transfer problem 1s attacked. Information on friec-
tion and especially on the velocity fleld near a porous wall was alsc
considered useful. Such Information would permit a check of assumptions
utilized in the pest to obtalin theoriles on friction and heat transfer
on g porous wall with fluld injectlon.

It may be reasoned that f£luid injection may affect the frietion of
a rough porous surface in either of two opposite manners. It 1s known
that fluild injection Into an unbounded stream moving along a porous swur-
face will increase the boundary-layer thickness. With thls increase 1in
boundary-layer thickness, however, the roughness elements of the porous
wall may penetrate only into a reduced-velocity region. Such a state
should lead to a smaller increasse of friction due to surface roughness
with fluid injection than on the same surface without injection. On
the other hand, because of the finite pore size the coolant is actually
injected from a porous surface in the form of jets. These Jets may
have enough energy to penetrate into the boundery layer & sufficlent
amount to cause turbulence. The turbulence, in turan, would tend to 1ln-
crease the frictlon and heat transfer. This latter process is mainly
determined by the size of the pores and not by the surface roughness.
In an actusl porous material, however, both parameters are intimately
connected.
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Since nothing is known of these processes, an experimental investi-
gatlion was initiated at the NACA Lewis laboratory in order to obtain
information on the influence of surface roughness for porous walls on
the develcpment of the boundary layer and on the friction characteris-
tics of the flow. Thies investigatlion was restricted to the conditions
that the fluld inJected through the porous surface and the fluid moving
along the surface were both alr and at the same temperature.

BASTC CONSIDERATIONS FOR FRICTION MEASUREMENTS ON ROUGE SURFACES

A basgic difficulty in flow investigations on rough surfaces is
connected with the fact that it is impossible to describe and classify
a particular roughness to complete satisfaction. Such a description
would have to include the shapes, sizes, and arrangement of the rough-
ness elements. The previously mentioned investigations on the friction
of rough surfaces show that the shape of the roughress elements has a
considerable influence on the friction characteristics. The main param-
eter found in these investigatlons, however, was the ratio of the aver-
age height of the roughness elements to the thickness of the boundary
layer; more specifically, to the thickness of that innermost portiorm of
the boundary layer which is conventionally called the laminar sublayer.

In roughness investigations on boundary layers, the difficulty
arises that in most cases (e.g., on a flat plate) the sublayer thickness
changes locally along the surface in flow direction. The ratio of rough-
ness height to sublayer thickness also changes locally even though the
roughness height is constant along the surface. To circumvent this
difficulty, the majorlity of investlgatlons on rough surfaces have been
made 1n tvbes with fully developed flow. In this case, the lamilhar
sublayer thickness is constant along the tube length and the investiga-
tion deals therefore with a constant ratio of roughness height to sub-
layer thickness. In addition, for developed flow, the veloclties do
not change in the direction of the flow.

On porous surfaces the advantage of an investigation in a tube is
not fully realized when air is continuously IinJected through the porous
tube walls, because the mass flow Increases in downstream direction and
therefore the velocity increases continuously. This incresse in mean
flow velocity is comparstively small, however, for injectlon rates of
practical interest. As a consequence, the ratio of roughness height to
sublayer thickness is expected to be practically constant over tube
lengths necessary for friction measurements. Accordingly, the investi-
gation of roughness effects in pipe flow seemed to promise advantages
even for fluid injection as compared with en investigation in boundary-
layer flow, provided fully established flow can be obtained with fluid
injection. This provision, however, brings up the problem of how to
create fully established flow.
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As demonstrated in a calculation by Berman (ref. 7), a solution to

the Navier-Stokes equations that is Independent of the location in flow ¥
direction exists for laminar flow through a duct with fluid injection .
or suction through the porous walls at constant rate. In this solution,
the shape of the veloclity profile is independent of the location slong
the duect in the direction of £flow - a criterion defining developed flow.
It may be assumed that the actual flow through such a duct will finally
adjust to this velocity distributlon at sufficient distance from the
inlet cross section., It may also be expected that the same behavior
holdse for turbulent flow. However, no information 1is avallable at pres-
ent as to the length necessary to establish fully developed flow. It

is necessary to perform roughness investigetions in this flow region to
ensure that the sublayer thickness is reasonably uniform over the tube
length under investigation. There is still another advantage connected
with the developed flow region which simplifies the determination of
the friction coefficient and which will be discussed In the following

paragraphs.
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The friction which a fluid with constant denslty exerts in flowing
through a passage can be cobtained by measuring the static-pressure drop
along the passage and the velocity profiles. When the pressure drop in
a distance dx between two stations 1 and 2 (fig. 1) has been measured «
and when the velocity fields in both cross sections are known, the
shearing stresses along the wall can be found from a momentum balance
over the flow region limited by the tube walls and the two cross sec- 4
tions. If the cross-sectional area A 1s constant along x, the mo-~
mentum balance ylelds

& d 2
Lrwdc=-A?§-ELpuM (1)

(A1l symbols are defined in the appendix.) In a passage with solid
walls and under the condition of fully developed flow, the integral on
the right side of this equatlion 1s independent of x, so that the last
term becomes zero. If, in addition, the passage has a circular cross
section, the shearing stress will be constant over the circumference
of the tube, so that

=-2d
T I &
dp _ 1 p, T2
With the definition of the friction factor in tube flow - Eu};' == £ =
the following equation results:
87T
f = L - (2) v

= pﬁz



L0ge

RACA TN 3339 5

When a'fluid is inJected through the porous walls, the momentum
integral over a flow cross section changes in flow direction, and the
last term on the right side of equation (1) has to be retained. Quite
often this term is of nesrly the same magnitude as the pressure-drop
term. Since the shearing stress is then obtsined from the small differ-
ence of two terms of almost equal magnitude, an accurate experimental
determination of the shearing stress with equation (1) is very difficult
with injection at the wall. A simplification of this equation can be
made vwhen the flow in the passage with injection is developed. Such
flow is defined by the condition that the ratio u/ﬁ is independent of
X. By applying this similarity, equation (1) becomes

firow =28 =@ ) o] o

According to this equation, the velocity fields must be measured in only
one crossg section, thus simplifying the determination of the frietion
coefficient.

Now

lx + dx) = AI'LJ; vye(x,C) dC ax +%‘-JX u(x) A (4)

The quantity dﬁ/dx required in equation (3) is then obtained as

da 1
E=K\L\dec

The following general rules are derived from the foregoing discus-
sion. A cylindrical passage appears to offer advantages for an investi-
gation of the roughness influence on flow and friction characteristies.
Developed flow should be obtained in that portion of the passage in
which the pressure-drop and velocity-profile measurements are made, and
the passage cross section should be chosen so that the increase of the
mean velocity in flow direction necessarily connected with fluid in-
Jection is kept smell.

Not all these objectives are realized in the spparatus described
in the next section. It was rather the intention of this preliminery
investigation to collect information that will aid investigstors in
estaeblishing the passage configuration thet is most advantageous for
such measgurements and slso to obtain some idea of the effects of sur-
face roughness and injection at the wall on the velocity field and the
friction.
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APPARATUS

When this investigation was initlated, porous materials with 4if-
ferent roughnesses were available only in a limited shape and length.
A1l the general rules determined in the preceding section could not be
incorporated in the design of the tunnel. Especially, the test section
could not be mede as lerge as appeared desirable for obtaining ldeal
flow conditlons.

Test Channel

The tunnel (fig. 2) consists essentially of a rectangular channel
0.6 inch high end 3 lnches wide. This height-to-width ratio was con-
gldered sufficient to make side wall effects small. Air is drewn from
the test cell into this channel through a bellmouth, gauze filter, and
straightening grid. The gauze and grid not only clean but straighten
the Tlow and eliminate any disturbances entering from the test cell.
The air enters the rectangular channel through a nozzle and flows at

first through an impermeable approach section 23% inches long. This

length was chosen to ensure that the flow enters the test section proper
under fully developed conditions.

In the bottom wall of the test section & plece 6 inches long 1s
made exchangeable. A s0lid plate as well as different porous materials
can be provided in this portion. On the underside of this plate an air
chanber is arranged through which air can be injected into the test
section. The chamber is of sufficient size to assure good distribution
of the ailr, which is admitted through two inlets. The condition of a
locally uniform air-flow rate through the porous section into the in-
terlor. of the channel can be further improved by proper choice of per-
meability of the bottom plete. The malnstream and inJjected air that

3
leaves the test section 1s gulded through a Gg-inch section with the

same rectangular cross section into a discharge chamber. This chamber
finally is connected with the vacuum system of the laboratory. A
similar arrangement has been used by Schlichting (ref. 8) for friction
measurements on impermeable rough surfaces.

All solid surfaces in the present test channel were febricated from )

steel 3/8 or 1/2 inch thick. The inside tunnel surfaces were ground
smooth and the different portions of the channel carefully alined.

Surfaces Investigeted

For the calibration of the tunnel, a smooth solld steel plate
(1/4 by 3 by 6 in.) was provided in the exchangeable portlon of the
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bottom wall., The surface of the plate directed to the inside of the
channel was ground to conform with the adjacent surfaces of the channel.

A bronze sintered plate (hereinafter designated as porous plate)
of the same size was used as one of the porous surfaces for the lower
wall, Measurements of the surface irregularities indicated an arith-
metical averasge roughness of 0.0045 inch. The largest observed rough-
ness height was 0.0055 inch, and the smallest, 0.0032 inch. From an
enlarged photo of the surface of the porous plate, the average size of
the pores was found to be 0.008 inch and the average dlstance between
the pores, 0.006 inch. For a preliminary check, the porous plate was
installed in the test section, the top cover of the test section was re-
moved, and air flow was directed through the porous plate by pressurizing
the air chamber below the test-section bottom wall. The uniformity of
the flow through the porous plate was found to vary irregularly over the
entire plate surface by %10 percent from the average value. Other porous
materials produced by sintering that have been checked at this labora-
tory for flow uniformity showed deviations of at least the same magni-
tude. This nonuniformity of the flow turned out to be one of the main
difficulties in the investigations described in this report.

Surfaces with increasing roughness were formed by placing stainless
steel wire screens on top of the porous plate. The screens used in the
following investigations are of mesh sizes 20%350 with 0.008-inch-
diemeter wire, 20XL20 with 0.010-inch-dismeter wire, and 7X26 with
0.018-inch-dismeter wire. These dismeters are for one of the many
wires indicated as vertical wires in the plan views of figure 3. The
wire screens were orlented in the test section with the greater number
of wires perpendicular to the main flow direction. The screens were
carefully located at the bottom section of the tunnel in such a way that
the highest points of their surfaces were in line with the solid walls
upstreem and downstream of the test section.

Alr-Flow System

Room air at asbout 80° F was drawn through the channel by the lebo-
ratory altitude exhaust system to which the downstream end of the tunnel
was connected. The exhaust system operates from atmospheric pressure
to 20 inches of mercury below atmospheric. The air flow through the
tunnel was regulated with velves downstream of the test section. A ro-
tameter was included in the air~flow path to obtain a direct measure-
ment of the air-flow rate.

The air injected into the tunnel through the porous plate was dry
air pressurized up to 10 pounds per square inch gage with temperature
of sbout 80° F. Dry air was used because of its cleaner quality. A
throttle valve in the system regulated the air-flow rate, which was
measured with a rotameter.
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MEASUREMENT'S AND INSTRUMENTATION
Pressure

A schematic disgram of the instrumentation of the tunnel is shown
in figure 4(a). Total-pressure traverses were obtailned at three sta-
tions in.the test section and one stetlion downstream. The first (front)
stetion was located in the cross section in which the porous wall
started and in the central location along the width of the tunnel.

Other statlons were arranged at 2% inches (midstation) and at 5 inches

(rear station) downstreem of the front station in the center plane of
the tunnel width.

Total-pressure surveys were cobtained for some tests in a cross
section 1 inch downstream of the test section and slong the three verti-
cals indicated in figure 4(a). The purpcse 6f these readings was mainly
to indicate the uniformity of the flow along the tunnel width; they
also gave interesting informetion on the development of the flow after
1t left the porous wall.

The total-pressure surveys were made with a probe shown in figure
4(b). The probe was fabriceted from 0.050-inch-outside-diameter tubing
with 0.007-inch wall thickness. The tip of the tube was flattened to
an oval shape with a vertical height of 0.030 inch snd the large axis
of the oval arranged parellel to the bottom and top walls of the chan-
nel. With these probes, total-pressure readings were obteined from
about 0.030 inch from the bottom wall to within approximetely 0.050
inch of the top wall. The probe was moved by a motor-driven mechanism.
An electric circuit was interrupted as soon as the probe touched the
upper or lower wall; in this way the zero position of the probe could
be fixed.

Static-pressure measurements were observed in the same planes in
which the total-pressure measurements were taken. The gtatic pressures
were obtained by tapping the upper wall with a 0.020-inch-diameter drill.
Any burrs caused by the drilling of the taps were very carefully elimi-
nated., At leagt three taps were used at each station to obtain an
average reading across the upper tunnel wall, and it was assumed that
the statle pressure was constant over the tunnel height in each cross
section,

All pressures in the test sectlon were measured on micromancmeters
with water as fluid. Other pressures not 1n the test section below 2
pounds per square inch gage were observed on & water manometer board;
pressures above 2 pounds per square inch gage were measured on & mercury
menometer board.

3507
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Temperatures and Welght Flows

Bare-wire iron-counstantan thermocouples were uged to measure air
temperatures in the inlet and discharge chembers as well as the temper-
ature of the air injected into the tunnel through the porous surfaces.
Alr-flow rates were obtained directly from rotameter readings. These
rotameters were callbrated under operating conditions. A check on these
measurements was possible from the total-pressure surveys and the static-~
pressure measurements. '

Accuracy of Measurements

The accuracy of the total- and static-pressure readings observed
on the micromanometers is believed to be within 0.04 inch of water.
Approximastely half this variation can be attributed to reading accuracy
and the other half to fluctuations. The location of the center of the
total-pressure probes within the tunnel could be determined within about
0.002 inch. The upper wall of the tunnel was used as the reference
point for the probe positioning. All menometer-board pressure measure-
ments are within 0.05 inch of water or mercury. Temperature measure-
ments are accurate within 2° F. Calibrations of the rotameters indi-
cated an accuracy of 1 percent. :

EXPERIMENTAL PROCEDURES

The flow gpproaching the test section is fully developed. If the
main flow is suddenly subjected to the injection of air and in this way
deformed within the test section itself, the flow 1s again in an unde-
veloped state. Therefore, equation (1) has to be used for a calcula-
tion of the friction coefficients. Assuming & unit width and assuming
that the flow is two-dimensional in the center plene of the channel in
which the total-pressure traverses are taken, and considering that the
pressure drop is measured slong a finite length Ax, equation (1)

transforms into
Ap 1fh 2 ) (jh 2 )J
puc & - put a 5)
0 y 2 0] v (

Tw,e TPu,r =~ b A - E[(

The shearing stresses on the upper and lower channel walls can be ex-

pressed by friction factors according to equation (2). These friction

factors will be symbolized by fg and £, indicating that the upper —
tunnel wall was always a smooth s0lld surface, whereas the lower tunnel

wall was the exchangesble porous rough surface. Thus, equation (5)
becomes
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fg +1r = - - - [(Lh o d_y)z - <\ﬁ>h w? dy)l:[ (6)

PIEAx T A

where the friction factors are based on an average veloclty defined by

_2 -+ &
Yoy = 2

An evaluation of the friction factor £, from equation (6) requires a

measurement of the static-pressure drop Ap and of the velocity pro-
files in the two cross sections separated by Ax. In addition, the
friction coefficient fg of the upper smooth surface has to be known.

The determination of this friction coefficient will now be discussed.

The initial runs in the tunnel were made with a solid smooth plate
installed in the lower channel wall of the test sectlon. The purpose
of these runs was to callbrate the tunnel and to determine the friction
factor fg4. These runs were made after checks for alr leakage through

the tunnel joints were obtained by comparison of weight-flow readings
based on.the rotameter and on the velocity-profile surveys. Agreement
of the air-flow rate between the probe survey and the rotameter was
within 2 percent. It is believed that the deviation in flow resulted
from instrument inaccuracy rather than from leakage. It should be
noted that for the runs with the smooth solid plate the integrals in
equation (6) are identical and can be omitted.

The next series of runs wes made on the porous plate. The ratio
of injection velocity through the porous plate to the main flow veloc-
ity was varied from zero to sbout 0.017. The injected air veloclty is
based on the total area of the porous plate. The mainstream velocity
is based on the inlet area of the test section. The Reynolds number
Re for the tests with air injection was held to a value of about

6.0XL0%. - This Reynolds number was determined by the capaclty of the
piping system. The arrangement of the instrumentation dld not permit
simultaneous surveys at the middle with the front and rear stations.
Therefore, the individusl runs were repeated for observations at the
front and middle stations. This procedure was repeated for the 20X350,
20%X120, and 7%26 wire mesh screens. - :

EXPERTMENTAL VELOCITY DISTRIBUTIONS
In order to determine the two-dimensionality of the flow in the

center plane of the tunnel, velocity surveys were taken for a number of
runs in a cross sectlon 1 inch downstream of the test section. The

3507
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location of the verticals slong which these surveys were tsken is indi-
cated in figure 4(a). As an example of these velocity surveys, figure

5 presents the results of one run for the porous plate. The front and
rear profiles are included for comparison. The three profiles are
nearly identical, especleally near the lower well. The maximm deviation
in the average velocity U of the three downstresm profiles i1s approxi-
mately 2 percent. The differences in the other runs were of the same
order of magnitude. This particular run presents the condition where
nonuniformity in flow would be most apparent, since the porous plate
indicated noticesble variations in permeebllity. Hlgh Injection air-
flow rates as shown here would slso make flow irregularities more
apparent.

It should be noted at this point that the locatlons of the total-
pressure readings were corrected to account for the displacement of the
reading due to pressure gradients. This correctlon was applied as in-
dicated in reference 9, which states that the displacement of the read-
ing from the probe center line towards the high-pressure side 1s 0.18
of the outslde probe diameter. In this investigation, the probe diam-
eter was taken as 0.030 inch, thus giving a displacement of about
0.005 inch.

Figure 6 shows the velocity proflle obtained at the front and rear
stations in the first runs irn which the lower wall of the test section
consisted of a smooth solid surface. The profiles measgsured at the front
and rear statlons are practically identical. A slight asymmetry of the
profile is also discernible. This asymmetry was found in all the fol-
lowing experiments, and no reason for it could be determined.

Figure 7 presents the velocity profiles measured by the front, mid,
and rear probes for the test series in which the porous plate was used
as the lower wall of the tunnel. Increasing air flows (figs. 7(e) to
(£)) were injected through this plate into the tunnel. It is interest-
ing to observe how the velocity profile in the mid and rear station
gradually deforms as conmpared with the front profile in a degree in-
creasing with increasing injection air flow. The deformation of the
velocity profile on a boundary layer along a porous wall was similarly
observed in reference 10. Both observations prove definitely that the
influence of the fluld injection reaches deep into the main flow and
that the sssumption on which availsble theories have been based (viz.,
the influence of the injection is restricted to the thin laminar siub-
layers) does not correspond to reality. It may also be observed that
the midstation profile is different from the rear-station profile. This
difference indicates that developed flow has not formed in sbout the
first half of the test-section length. Additional swrveys between the
mid and rear stations would be necessary to determine whether developed
flow resulted downstream of the midstation. A more detailed comparison
and evaluation of the profiles of figure 7 is made subseguently.
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Figure 8 presents the front and rear velocity profilles obtalned
with screens of different roughness for the condition of no flow through
the wall. This figure can be compared with figure 6 and shows how a
velocity profile is deformed when fully developed flow is suddenly sub-
Jected to.a rough surface. It can be clearly recognized that increased
deformation of the profile occurs for increased roughness of the sur-
face, The influence of & rough surface on the veloclty profile appears
to be similar to the influence of fluid injection for low inJection
rates. The large scale of figure 8 permits drawing of ‘separate curves
for the front and rear profiles for figure 8(a) This was not apparent
in figure 7(a) because of the reduced scale.

Early investigations by Nikuradse established the fact that veloc-
ity profiles in fully developed flow of channels with rough or smooth
surfaces are represented on a semilogarithmic plot by approximately
straight lines (ref. 11). Thus, deviations of the velocity profiles
measwured in this investigation from the established proflle on solid
surfaces can be more clearly distinguished ir a semilogarithmic plot
than in the presentation used up to now. For this reason, the velocity
profiles on the porous plate are once more presented in figure 9(a) with
the inclusion of the profiles measured in the middle station. TFilgures
9(b) to (d) show similar profiles for the different wire screens.

The following observations can be made on the presented veloclty
profiles. The profiles are never exactly straight lines; even for zero
injection flow rates the linearity predicted by Nikuradse's universal
log law 1s not apparent. Similar nonlinearity is glso discernible upon
careful study of the data of Schlichting (ref. 8) and has also been
found to occur over Nikuradse's original data (ref. 12). For large in-
Jection rates the profiles on the semilogarithmic plots become guite
concave, indicating that actually fluid injection transforms the veloc-
1ty profiles in a way different from a rough surface. Probably the ve-
locity component normal to the surface at the porous wall causes, by
displacement, velocity components in the same direction even in alr
layers quite far away from the surface. These layers are moved into a
range of larger velocities in the main flow direction, and the corre-
sponding momentum increase 1s compensated by 2 change in the profile
shape. A theory of turbulent flow with fluid inJjection has to account
for this phenomenon 1if the actual conditions are to be described.

A comparilson of the different profiles measured on surfaces with
different roughnesses for no flow through the porous well with the
profiles for the maximum flow rates 1s also interesting. Such a com~
parison is given in figure 10. The roughness of the surface has a de-
cldedly larger influence for no flow than for injectidén flow. This
trend might indicate a condition that with increasing flow rates the
roughness of the surface has a decreasing influence on the flow process
and correspondingly alsc on the friection characteristics of the surfaces.
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A comparison of the veloclty profiles measured in the upper portion
of the channel bounded by the upper chennel wall was made in the same
way as for the lower half. On these profiles, with flow as well as for
no flow, lines with a slight concave curvature were cobtained on & semi-
logarithmic plot. Only one example of such profiles is shown (fig. 11).
Examination of the data shown 1n figure 11 for zero inJjection flow irdi-
cates that the velocity at the rear station is somewhat larger than at
the other stations for the same distance from the wall. This same ef-~
fect is also shown on the left side of figure 8(a) for the front and
rear stations. This velocity increase in flow direction results from
the development of the flow over the rough surface. From the fact that
these profiles all correspond in shape to the universal law esteblished
by Nikuradse, it 1s concluded that the upper half of the veloecity pro-
file feels the effect of what happens to the lower half only insofar as
the velocity meximums may be displaced from the center plane of the tunnel
and as the sbsolute amount of the velocities mey be increased by a dis-
placement of the flow. However, the shapes of the profiles, and
consequently the law describing the friction on the upper surface, are
not changed. This constancy in the friction law for the upper wall
Justifies the use of the friction coefficient as it was determined in
the channel with the smooth solid wall installed as the lower wall.
Schlichting also found that the smooth-wall friction is not affected by
the rough wall (ref. 8). This assumption is used for the evaluation of
equation (6) when a rough swrface is arranged on the lower tunnel wall
and when fluid is injected into the tunnel.

EVALUATIONS AND COMPARISONS WITH PREVIOUS INFORMATION
Velocity Distributions

The following genersl laws for velocity profiles in fully developed
tube flow have been established by measurements of Nikuradse. The re-
lation for the velocity distribution in a pipe with smooth solid walls
is (ref. 6, p. 369):

¥*
~ = 5.75 log £ + 5.5 (7)
w

A recent analysis of Nikuradse's data in reference 12 indlicaves that the
use of a value of 5.6 for both the constant and the coefficient is more
gpplicable. In the present investigetion, however, this change has
1ittle significance. Therefore, equation (7) will be used. For a pipe
with a rough or a smooth surface, the difference between the maximum
velocity in the center of the pipe and the local velocity u still
follows a universal relation given by the following equation (ref. 11,
or ref. 6, p. 372):

'um-..

¥*

u
= 5.75 log = (8)
u Yy
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where, for symmetrical profiles in the present experiments, r = h/Z;
for unsymmetrical profiles r expresses the dlstance of the velocity -
maximm from the channel wall.

Figure 12 shows the upper-wall velocity profiles divided by d*,
calculated from tunnel data, for zero injection flow with smooth or
rough surfaces as the lower wall of the tunnel. These data are com-
pered with the gemeral relatlion (universal veloeity distribution) in a
Ppipe with smooth walls (eq. (7)). In genersl, good agreement is ob-
tained, the average deviation being ebout 6 percent. The measured ve-
locities are generally lower than the line indicating the universal ve-
locity profile, because the tunnel walls could not be considered as
completely smooth hydraulicelly. This is also indicated by the fact
that the friction factors, which will be presented later for the "smooth"
tunnel, are somewhat above the previously esteblished friction factors
for a plpe with smooth surfaces. When u/u* is calculated with equa~
tion (7), in which u¥* is obtained from the tunnel data, better agree-
ment is Indlcated, as shown by the dashed line in figure 12. Since the
results shown in figure 12 indicate the tunnel not to be completely
smooth hydraulicelly, a comparison using equation (8) for smooth and/or
rough surfaces was also made. Figure 13(a) gives (uy - u)/u¥* agsinst
the ratio of the distance of the velocity maximum from the upper wall
to distance of the local velocity from the wall and also the general
unlversal velocity distribution law (eq. (8)). The larger values of
(um - u)/u¥* for the data compared with the universal relstion for a
given r/y may be attributed to the fact that the flow in the tunnel
was slightly asymmetric. This asymmetry, already noted in the discus-
slon of figure 6, results in a lower value of u near the upper wall
and, therefore, & larger value of (uy - u)/u¥. It is expected that

asymmetry becomes more apparent when results are presented on the basis
of (up - u)/u¥* (fig. 13), whereas lack of hydraulic smoothness is

better indicated by u/u* (fig. 12).

The same check on the relation of the velocity defect (eq. (8))
wes made with the velocities measured on the lower portion of the pro-
file and with the different rough surfaces for no flow condition. Fig-
ure 13(b) ‘presents this comparison with the genersl law (eq. (8)) and
indicates good agreement. No attempt was made to correlate the data
for air Injectlion, since a relation was not availlable. Use of equation
(8) for the correlation of these data would require the exact determina-
tion of the friction coeffilcient from which u* is caslculated. For
this investigation the results of the friction coefficlents are only of
& qualitetive nature.

\

Friction Coefficients

No sir injection. - Friction factors for the no-flow condition were
calculated with equation (6). The evaluation procedure for the smooth
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plate in the lower wall 1s straightforward. The result is ‘indicated by
the lowest test points in figure 14. This series of points 1s somewhat
higher than those obtained from the relation of Blasius (ref. 6, p. 363).
The agreement, however, ls considered reasonable, TFor the evaluation of
the four rough surfaces, 1t was assumed that the value £  obtalned from
the already mentioned test meriles applies also for the upper wall. Fig-
ure l4 indicates a continuous increase of the frictlion factor with the
Increasse in roughness parameter.

A comparison will now be made of the friction factors in figure 14
with previously published data, In this connection, it has to be kept
in mind theat the present measurements epply strictly to the condition
where flow, which has become fully developed in a channel with smooth
walls, 1s subJjected to the changed boundary condition implied by a
rough surface and adjusts itself to this condition. It has to be ex-~
pected that friction factors for this condition will be somewhat higher
than values for fully developed flow in a channel with rough surfaces.

Measurements are reported in reference 1 for flow through circular
tubes with regular roughnesses which were generated by milling rectangu-
lar grooves in the Inside surface of the tubes. The friction coeffi-
clents for two values of the roughness parameter k/r are inserted as
dasghed lines in figure 14. These friection factors are spproximstely in
the range that agrees with the friction factors measured for correspond-
ing roughness parameters in this report. Very close agreement cannot be
expected because of the difference in the character of the roughness
reported in reference 1. In addition, for the investigation reported
herein the flow was gpperently not fully developed.

The effect of the roughness height on the friction factor is shown
more clearly in figure 15, where the abscissa is the relative roughness
k/r. The top curve is for the quadratic law of resistance

£ = (1.74 + 2 log r/k)72 (9)

ag determined by Nikuradse in his experiments with sand as roughness
elements (ref. 11). In the region wherein equation (9) is appliceble,
the friction factor is independent of the Reynolds number. The lower
curve in the figure was obtalned by cross-plotting Nikuradse's results
(fig. 9 of ref. 11) at Re = 6x10%,

Send was also used as one of the roughnesses in the investigation
by Schliichting (ref. 8). It is expected that the date of Nikuradse and
Schlichting should be in good agreement, since the roughness element
was the same., It may be noted in figure 15 that this is the case when
the frictlon factor measured by Schlichting is plotted over the rela-
tive roughness based on half the tunnel height r rather than on the
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bydraulic radius r,. The ratic k/fh had. been used by Schlichting as

roughness parsmeter. The heights of the other roughnesses investigated
by Schlichting were larger than the roughness height of the sand and
are not given in figure 15.

The results of the present experiments, read from figure 14, are
glven in figure 15 on the basis of r and are in reasongble agreement
with Nikuradse's results. This agreement indicates that the roughness
elements of the samples tested are similar to sand roughness. The data
of reference 1l determined for square-thread roughness are also given in
the figure. It has already been pointed out in reference 1 that the
roughness ratio k/r is not an adequate measure of relative roughness
for square-~thread passages. This inadequacy may be noted by comparison
of the f value given by the higher curve and the data point from ref-
erence 1 at k/r = 0.016 for the square-thread roughness.

The proximity of a roughness s le to sand roughness mey also be
determined by building the ratio k;/k where k; 1s the equivalent

sand roughness and k 1s the actual rouvughness helght. By equivalent
sand roughness k; is meant that grain size of sand roughness which

has, according to equation (9), the same resistance as the given rough-
ness k. Thus, from the friction data and curves in figure 15, the
equivalent sand roughness k, and the dimensionless ratio kU/k can

be determined for the various roughnesses. The results are given in
table I for the present data as well as for the date of Sams and

Schlichting (refs. 1 and 8). In reference 8 the hydraulic radius was
used in the determination of k;; the values of k; given in table T

are based on the half tunnel helght »r. These values of kg are

smaller, therefore, than the values given in reference 8, since
r/rh = 0.617 for the test section of that reference. The values of

kU/k for the resultes of reference 8 are arranged in Ilncreasing rela-

tive roughness for each type of roughness element. TIn most cases,
larger kc/k is the result of larger roughness density (i.e., more

roughness elements per unit surface ares). Only for three of the
samples investigated by Schlichting is the ratio ki /k close to L.

These roughnesses are Hamburg send IX, the hemisphere XIX, and the short
angle XVIIT, as may be noted in teble I. As noted in the discussion of
figure 15, the data of the present report are in fair agreement with
the data of Nikuradse. This agreement is alsc indicated in table I by
the fact that for the present roughnesses kd/k s ],

Air injection. -~ Friction factors were also calculated for the
different porous surfaces under condition of fluid injection with the
help of equation (8). The results of the calculation sre presented in
figure 16. The porous sintered plate results are not shown, since the

3507
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calculated friction factor dropped below zero even for values of

VW/TJ. = 0,004, This negative friction factor is obviously impossible.

The surface with the largest roughness (7%26 mesh screen) also shows

g variation of the friction factor that deviates considerably from the
character of the friction factor for the other two screens. An exami-
nation of the test data revealed that the flow rates measured by the
rotameter did not agree well with the flow rates measured by the pres-
sure probes for the porous plate as well as for the largest roughness
sample. This lack of agreement is probably connected with the fact that
the flow was not sufficiently uniform locally on both these surfaces, as
mentioned in the APPARATUS section. For large flow rates the correction
caused by the last term in equation (6) becomes very large, so that
slight deviation from the correct flow rate influences the friction
factor markedly. Generally, the precision with which the determination
of frictlon factors could be made for flow through the porous surfaces
should not be overestlimated, and figure 16 should be used only to show
the general trend of the friction factor.

An attempt was made to check the influence of an error in the flow
measurements on the friection factor. For this purpose it was assumed
that the momentum change in the main flow depends only on velocity ratio
vw/ﬁ but not on the surface roughness. The measurements on the 20x120

screen were used to obtaln this momentum change for the other rough-
ness samples alsoj; the result of this celeculation procedure is shown in
figure 17. For the porous plate, this procedure again resulted in nega-
tive frietion faetors for flow rates larger than 0.004. Comparison of
figures 17 and 16 shows that the difference in friction factors for the
varlous roughnesses is reduced at larger injection flow rates.

CONCLUSIONS

From an experimental investigation on porous rough surfaces, the
following conclusions are obtained:

1. The shape of the velocity profile is decidedly influenced by a
fluid injection from. the surface., Theories on turbulent friction and
heat transfer with fluid injection should account for this variation of
the profile in order to describe real conditions adequately.

2. The specific way in which the velocity profile is influenced by
fluid injection differs from the Influence by surface roughness. This
difference is indicated by the fact that in & semilogarlithmic plot the
profile with fluid inJjection becomes decidedly nonlinesr.

3. The velocity profile in the neighborhood of a solid wall oppo-
site to a rough or porous wall is influenced only insofar as the
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velocity meximum is displaced. In addition, the masgnitude of the veloc-
itles may be increased by the flow displacement. However, the charac-
ter of the flow, and accordingly the law déscribing the velocitles and
the friection, is not changed.

4, Friction factors for a porous sintered surface and for three
wire screens with different roughnesses without air injection indilcate
that the Increase in friction due to the surface roughness 1s nearly
the same as that found by Nikuradse for surfaces with sand roughness.
This simllarity applies if the ratio of roughness height to half bunnel
height is the same Iin both cases,

5. Bvaluations of the friction factors for the porous surfaces with
fluld injJection show qualitetively a decrease in friction. The sccuracy
of these eveluations weas not sufficient to determine quantitatively the
friction factors under the condition of fluild injection. Velocity pro-
files indicate that the influence of roughress parameter decreases with
Increasing injection velocity.

6. With injection through the porous wall, the flow was not fully
developed in about half the length of the test section where velocity
profiles were observed. The ratio of the tunnel length where the ve-
locity profiles were observed to the height for this arrangement was 5.

Lewls Flight Propulsion Legboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, October 29, 1954
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APPENDIX - SYMBOLS

The following symbols are used in this report:

A cross-sectional area

C circumference

D diameter

F projected surface area

F. projected area of roughness elements
f friction coefficient

h tunnel height

k roughness height

P pressure

Re Reynolds number, Zﬁrh/v

~

r pipe radius or distance from wall to maximum veloclity

ry hydraulic radius, 2A/C

8 pitch of roughness elements

u velocity parallel to wall

u*  shearing-stress velocity, U /VE?E;
v velocity normal to wall

X distance parallel to wall

¥ distance normal to wall .

K gbgolute viscosity of fluld

v kinemstic viscosity of fiuid, u/p
o] density of fluid

T shear stress
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Subseripts:

av values aversged over length

m max dmum

r rough

8 smooth

W wall

a sand

1,2 statlon locations

Superscript:

1.

2.

3'

4.

5'

values averaged over a cross section
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TABLE I. - EQUIVALENT SAND ROUGHNESSES

NACA TN 3339

Roughness samplée ™, 8, k, : Fr/F ks k,/k
in. in. in. in.
Porous plate .
Re = 6x10%4 0.3 |  —em-- 0.0045 | ——ocn 0.00438| 0.973
Eq. (9) D e e B .0032¢| .720
Wire screen
20%350 mesh 0.3 Tightly packed | 0.008 | wweeaca 0.00844| 1.08
20x120 mesh Tlghtly packed 010 ——————— .0122¢] 1.22
7x26 mesh ‘ 0.038 .018 0.594 .0218 1.21
. | Witn.
Square threads ref. 1 .
A 0.25 0.0084 0.0065 | 0.500 0.01018( 1.5866 0.0047
B l .0195 . .0QY5 .564 .0070 . 737 .0085
c .0094 0042 .500 .0023 .578 .0047
Hamburg sand {(ref. 8}
IX 0.787 § mm———— 0.0532 | ~—~emn 0.0539 1.01
Spherea™* (ver. 8)
XII ’ ©.787 1.575 0.161 Q.00785 | 0.0226 0.140
v Tightly packed .907 0624 .388
IIT N R . 787 0314 .0838 518
I i . 394 .128 .306 1.80
IT .236 349 379 2.35
Vi L . .394 .0827 0314 0418 .505
IV : .197 .0827 .126 - .184 2.22
Hemispheres** (ref. 8)
XIII 0.787 1.575 0.1024 | 0.0087 0.0075 0.0732
XIV 1.181 .0155 .0l19 117
XV .787 l .0348 .0362 .354
XIX Tightly packed .251 .0887 .868
Cones™ (rer. 8) : :
- 0.787 1.575 0.1476 { 0.0108 0.0143 0.0969
XXIV + 1.181. .0189 .0399 .270
XxXv . 787 * .0425 .0909 .616
. t’in.
Shert anglesf {ref. 8}
XVI 0.787 1.575 0.1181 | 0.0151 0.0707 0.599 0.3185
XVIIil ‘ 1.181 .0269. .150 1.27
XVII .787 ‘ .0805 . 357 3.02
)
Long angles™ (ref. 8)
XX 0.787 2.38 0.128Q | ©0.0538 0.440 3.49 85.69"
XXT 1.575 .1220 0776 . 889 7.37
X1I ‘ . 787 -1 .1181 .152 .865 7.32 }
®Tunnel width.
L} ] f %
Slde view Short angles Long angles

*3quare threads

=TI

5
Spheres [Q0Q 0,k
Sphsres To———=s X

spheres

Cones (O k
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Figure 1. - Velocity and shear stress in channel.
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Figure 6. - Velocity profiles across chammel for front and rzar gtations
with smooth solid-plate lower well. Reynolds number, 6x10=.
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